Background: Nowadays, zirconia ceramic implants are widely used as a kind of hip prosthesis material because of their excellent biocompatibility and long-term wear resistance. However, the hip joint is one of the major joints with complex 3D morphological structure and greatly individual differences, which usually causes great material waste during the process of surgical selection of prosthesis.
Introduction
With the prolongation of life expectancy, especially the occurrence of various traffic accidents and sports injuries, the number of arthroplasty operations is increasing steadily every year. Taking hip replacement surgery as an example, more than 600,000 people need hip replacement surgery every year. 1 And it is estimated that this number will exceed 1 million by 2030. 1 At present, the materials applied to the hip prosthesis are mainly metals represented by titanium. 2 This kind of metal material generally has a service life of less than 20 years. Due to the limited wear resistance, the long-term use of titanium-based implants will result in the emergence of metal grinding particles, 3 which would cause inflammation around the surrounding tissue. This inevitable phenomenon can eventually lead to the failure of total hip arthroplasty and require reoperation, which causes physical pain and financial burden to the patients. 4 Compared with metal materials, bioceramic material is a promising alternative implant, which can significantly reduce the wear rate of implants. 5, 6 For instance, the 3 mol % yttria partially stabilized tetragonal zirconia is a typical ceramic material with excellent mechanical properties, which has great application prospects in orthopedics. 7 At the same time, the zirconium oxide (ZrO 2 ) ceramics, with good corrosion resistance, are potentially alternative materials that can meet the requirements of long-term usage. ical properties of ZrO 2 ceramic. These reports had contributed greatly to the improvement of the physical properties and biocompatibility of ceramic hip joint materials. However, the hip joint 11 is one of the major joints with complex three-dimensional (3D) morphological structure and great individual differences. The precise matching degree between the shape of the prosthesis and the corresponding site of the patient is thus an important factor that affects the use experience after operation. At present, during the procedures of the actual surgery, hospitals always need to prepare several spare prostheses for doctors to choose, which results in a great waste of materials ( Figure S1 ). These non-customized prostheses are still difficult to accurately match the patients' actual hip 3D structures. Moreover, the procedures for selecting suitable prosthesis during operation also intangibly the time of operation, which increases the amount of intraoperative blood loss and the risk of infection. In addition, ZrO 2 ceramics do not have obvious antibacterial properties. Therefore, one of the core research aims in the development of customized implant is how to realize precisely 3D construction of ZrO 2 ceramic implant materials with certain antibacterial properties. 12 Theoretically, with the aid of the current clinical imaging technology, it is possible to provide the precise 3D structural date of the implant prosthesis before surgery. Afterward by combining ceramic 3D printing technology [13] [14] [15] with antibacterial nanomodification [16] [17] [18] (Figure 1 ), it is possible to quickly customize an ideal implant material with precise 3D structure and effective antibacterial properties. However, after the ceramic joint precursor is prepared by 3D printing technology, the subsequent polymerization and sintering steps are still needed, both of which would lead to the shrinkage or even fracture of the ceramic joint. As a result, the obtained implant is difficult to precisely match the surgical site. Based on the above information, the purpose of this study is to solve the above two technical problems (fragile and irregular shrinkage) of 3D ceramic implant printing. The rabbits' femur was selected as the animal model system.
Experimental section Material preparation
A commercially available high purity 3 mol% yttria partially stabilized zirconium oxide (3Y-ZrO 2 ) 19,20 was used as a raw material. An aqueous solution of a mixture of 3Y-ZrO 2 nanopowder and ammonium citrate (dispersant) was used for the preparation of the slurry. The pH of the solution was adjusted to about 9 by using 2% ammonia.
Then, acrylamide (monomer), N,N'-methylene bisacrylamide (crosslinking agent), ammonium persulfate (initiator) and tetramethylethyl enediamine (catalyst) were sequentially added. The ceramic slurry was fully stirred until no bubbles formed.
Fabrication of the implant
The implants with precise matching structure can be customized by the method of gel-casting molding combined with 3D printing technology. Figure 1 shows the whole fabrication process of pure ZrO 2 ceramic joint. First, the rabbits' hip joint was scanned by CT or X-ray to obtain 3D data of 3D structures, and the resulting data was printed by a 3D printer (Makerbot Z18, America) to produce a resin hip prosthesis. Then, the hip joint mold was cast by gelcasting method, and the ceramic precursor materials were injected into the mold, and the mold of the injected material was kept under the humidity of 50% and placed in a vacuum environment of 55°C for gelation and drying for 2 days. Finally, the pure ZrO 2 ceramic hip prosthesis with precisely matched structure could be obtained by sintering.
Two-step sintering
The dried samples were sintered by the method of a twostep sintering. Firstly, the heating rate was 2°C/min to 1,000°C, and the temperature was kept at this temperature for 10 hrs. Then, the heating rate was 20°C/min to 1,200°C , and the temperature was kept at this temperature for 2 hrs. Finally, 3Y-ZrO 2 ceramics were obtained by cooling in furnace. 21 
Fabrication of ZnO layered modified ceramics
Zinc oxide solution (ZnO) 22 
Mechanical properties
The synthetic ceramic slurry was slowly poured into a 3D printed molds to form two different shapes of ceramics: rod-shaped ceramics and columnar ceramics. The synthetic rod-shaped ceramics were used in tensile tests and bending tests, and the columnar ceramics were used in compression tests. A universal testing machine was used to measure the tensile, bending and compression experiments of ceramic samples at the loading rate of 0.01 mm/s. Each group was measured three times repeatedly.
In vitro antibacterial properties assay
Two bacteria, Escherichia coli (E. coli, ATCC 25922) and Staphylococcus aureus (S. aureus, ATCC 25923), the most common clinical orthopedic infections, were selected to evaluate the antibacterial ability of ZnO samples. The surface unmodified ceramics were used as a control group, and all samples were sterilized with ethylene oxide before the experiments. E. coli and S. aureus were cultured at 37°C for 24 hrs and adjusted to a concentration of 10 7 CFU/mL. Then, 100 µL of the bacterial stock solution was added to 5 mL of Luria-Bertani broth, with control group, ZrO 2 nanomaterials, and ZrO 2 -ZnO nanomaterials. The culture was carried out for 8 hrs in an orbital shaker. Each sample was ultrasonic (100 W) for 2 s. After that, 100 µL cocultured medium was diluted to 10 5 CFU/mL, and 50 µL dilution solution was coated to the culture dish and then placed in a constant temperature incubator for 24 hrs. The antibacterial effects of the three groups of samples were compared by plate counting method. The antibacterial rate (R) of E. coli and S. aureus in the medium was calculated based on the following formula: R=(A -B)/A ×100%, where A stands for the number of bacteria in the control group and B means the number of bacteria in the experimental group. 24 
In vivo antibacterial tests and histological analysis
In this experiment, 12 male rats (Sprague−Dawley) weighing between 224 g and 263 g (8 weeks old, Animal Science department of Jiangxi Province) were used to evaluate the inflammatory response with S. aureus of the ZrO 2 nanomaterials and ZrO 2 -ZnO nanomaterials after implantation in vivo. The operations were performed by two experimenters under standard aseptic conditions. Preoperatively, the rats were fasted for 24 hrs besides drinking water without limitation. Rats were continuously fed 2 hrs after the operation. Rats were anesthetized by intraperitoneal injection of 3.6% chloral hydrate (1 mL per 100 g). The dorsal hair portion of each rat was shaved, sterilized, and created a 1.5-2 cm midline incision. Using sharp and blunt dissection, we formed a subcutaneous sac under the incision. The sterilized under layer implants of ZrO 2 -ZnO ceramics for four rats and pure ZrO 2 ceramics for four rats. The ceramics (pure ZrO 2 , ZrO 2 -ZnO) soaked with physiological saline (0.9% NaCl) were implanted under the skin. Later, subcutaneous tissues were injected with 0.2 mL of a bacterial suspension of S. aureus ATCC 25923 at 10 4 CFU/mL. After surgery, the back incisions were closed with sutures and the rats were injected subcutaneously with normal saline (1−2 mL/g) for rehydration. After waking up, the mice were paired in cages and moved unrestricted. Two weeks after the operation, the rats were euthanized with carbon dioxide asphyxiation. The implant material and surrounding tissue, including adjacent skin, were removed and placed in 5 mL of physiologic saline. After sonication, the solution was used for bacterial quantification. Then, 100 µL cocultured medium was taken out for 10 4 degrees of dilution, and 50 µL of the dilution solution was coated on the culture dish and then placed in a constant temperature incubator (37°C) for 24 hrs. The antibacterial activity of the samples was compared by plate counting method. The collected samples were fixed with 10% neutralizing buffer formalin for 24 hrs. After standard treatment, the fixed specimens were placed in paraffin and sectioned longitudinally with a microtome (5 µm thickness). The sections were stained with HE for optical microscopy examination.
Cytotoxicity assay
The cytotoxicity of the ZrO 2 -ZnO materials was analyzed by cell counting kit-8 (CCK-8) assay. The cytotoxicity tests were carried out by indirect contact method. The extract was prepared according to the ratio of 1.25 cm 2 / mL in ISO 10993, and the final concentration gradient was set to 1.25, 0.625, 0.3125, 0.15625, and 0.078125 cm 2 /mL when the cells were cultured. First, a cell suspension was prepared: MC3T3-E1 cells in a good growth state and in logarithmic growth phase were counted. Cell culture conditions were complete medium (90% α-MEM +10% FBS +1% PS, purchased from Gibco), at 37°C and 5% CO 2 incubator. The above cell suspension was inoculated into a 96-well plate, and the number of cells inoculated was 1,000 cells/well; the cells were cultured in incubator set at 37°C for 6 hrs, and after the cells were attached, the medium was replaced with dilute material extract according to the grouping and time points. Only the complete medium was added to the blank control group. When the cells were grown for 1, 3 and 7 days, the medium containing 10% CCK-8 (Japan Dongren Chemical) was directly placed for replacement. Incubation was carried out for 1 hr at 37°C, and the absorbance at 450 nm was measured by a microplate reader (Bio-Tek).
In vivo biocompatibility studies
Six New Zealand white rabbits (2.5-3.0 kg) were used to observe their biocompatibility in vivo. The surgery was performed by two experimenters under standard aseptic conditions. Rabbits were anesthetized with 10% chloral hydrate (3 mL/kg). The rabbits' legs were shaved, washed, and sterilized with iodine. After the start of the operation, the skin incision, blunt separation of the muscles and the femur were revealed. The ceramic hip prosthesis was sterilized and implanted into rabbits. The surgical sites were stratified closed; the muscle, fascia and internal dermis were sutured with 4-0 Vicryl and the outer dermis were sutured with 3-0 Vicryl. The animals were monitored for any possible complications during the recovery and given free access to water and rabbit food during the healing period.
Four weeks after implantation, the animals were euthanized and the implants were exposed by sharp separation to the bones. The bones adjacent to the implant were then removed together with the muscles and stored in 10% formalin for further histological analysis. The paraffinembedded tissues were cut into 5-mm serial sections and stained with the conventional HE method.
Statistical analysis
Results were expressed as the mean ± standard deviation, and the data were statistically analyzed by one-way ANOVA, followed by multiple SD comparisons among groups using the LSD (L) and Tukey HSD posthoc test and (IBM SPSS Statistics, version 23.0). The data were considered to be significantly different when p levels of 0.05, 0.01 and 0.001 were obtained.
Results and discussion
The methods of solving two technical problems (fragile and irregular shrinkage) Theoretically, the above two technical problems could be solved through optimizing reaction condition and selective area inversing compensation. First, Figure 2A shows the rabbit hip joint, which was divided into six regions, namely, A, greater trochanter area; B, trochanter tertius area; C, distal end of the femoral shaft area; D, center of femoral shaft area; E, caput femoris area; F, edge of femoral shaft area. Figure 2B is a shrinkage ratio illustration of a 1.3 times magnified rabbit hip joint ceramic prosthesis prepared by gel-casting along with 3D printing technology. The red arrow refers to the size of the rabbit hip joint ceramic prosthesis before sintering, the blue arrow refers to the size of rabbit hip joint ceramic prosthesis after sintering and the dashed line represents the actual size of the rabbit hip joint required. As a result, this 1.3 times magnified ceramic hip prosthesis, after shrinkage, was still smaller than the actual rabbit hip joint anatomical size. Therefore, the size of the implant Figure 2 The six partitions of the rabbit hip joint (A). Shrinkage ratio diagram of a rabbit hip joint ceramic prosthesis with a 1.3 times magnification before sintering (B). Shrinkage ratio diagram of a rabbit hip joint ceramic prosthesis with a 1.5 times magnification before sintering (C). Shrinkage ratio diagram of a revised rabbit hip joint ceramic prosthesis with a 1.5 times magnification as well as some special area (f area) modification parameters of the ceramic prosthesis (D). Optical images of ceramic prosthesis made by conventional one-step sintering method (E); by two-step sintering method (F); polymerized under normal humidity conditions (G); polymerized under a constant humidity conditions (H) respectively.
should be further increased before sintering. Figure 2C shows a 1.5 times magnified rabbit hip joint ceramic prosthesis. It could be found that most areas were basically in accordance with the rabbit hip joint anatomical size after sintering. However, the F area was still smaller than the rabbit hip joint anatomical size. We also concluded that the closer to the central region (D), the greater the proportion of contraction would occur. Figure 2D shows a magnified 1.5 times rabbit hip joint ceramic prosthesis made by further improving the 3D printing parameters (F area was further enlarged 20% particularly). It could be found that after sintering, the regions after the contraction basically conform to the rabbit hip joint anatomical size. Afterward, aiming at the problem of different degrees of fracture after the polymerization and sintering of ceramic hip prosthesis, we then systematically optimize the reaction conditions of ZrO 2 ceramics. Figure 2E shows a rabbit hip joint ceramic prosthesis made by a conventional one-step sintering method. The red arrow marked the area of the fractures. Figure 2F shows a ceramic prosthesis produced by a two-step sintering method. As a result, fractures were still observed. Figure 2G shows a ceramic prosthesis that was polymerized under normal humidity conditions, and fractures still exhibited after sintering. Figure 2H shows a ceramic prosthesis that was polymerized under the conditions with identical humidity (50%). After sintering, a flawless ceramic hip prosthesis could be obtained. Through the above research, it could be found that the method of fixed humidity of 50% and selective area inversing compensation could effectively solve the two typical technical problems of ceramic 3D printing after sintering.
The characterization of pure ZrO 2 and ZnO 2 -ZnO
In order to improve the antibacterial properties, nano-ZnO modification was introduced in this work. Figure 3A shows a pure ZrO 2 ceramic hip prosthesis customized by gel-casting method combined with 3D printing technology. Figure 3B shows the microstructure of pure ZrO 2 ceramic obtained by SEM after sintering. It could be seen that the ZrO 2 particles were tightly bonded together. Figure 3C is the energy spectrum data of pure ZrO 2 ceramics. Figure 3D displays a ZrO 2 -ZnO ceramic hip prosthesis. Figure 3E microstructure of ZrO 2 -ZnO ceramic after sintering. It could be seen that the surface of the ZrO 2 material was covered with a layer of ZnO nanoparticles. Figure 3F shows the energy spectrum data of ZrO 2 -ZnO ceramics, and it could be seen that the Zn element had been added to the material. Figure 3G illustrates the XRD of pure ZrO 2 ceramic, ZnO nanomaterials and ZrO 2 -ZnO ceramic, respectively. The presence of ZnO absorption peaks could be seen in ZrO 2 -ZnO ceramics. These results indicated that we had successfully modified ZnO on the surface of pure ZrO 2 ceramics. Figure 3H represents the mechanical properties of pure ZrO 2 ceramics and ZrO 2 -ZnO ceramics. It could be found that ZnO had no significant effect on the mechanical properties of ZrO 2 ceramics.
Antibacterial properties and cytotoxicity
As shown in Figure 4 , we tested the antibacterial properties of pure ZrO 2 ceramics and ZrO 2 -ZnO ceramics. The pure ZrO 2 ceramics, with no obvious antibacterial property, were selected as the control group. E. coli and S. aureus were used in the experiment. These two types of bacteria were the most common pathogen in clinical practice. According to the plate counting results from Figure 4A , ceramics modified with ZnO exhibited significantly higher antibacterial efficiency than pure ZrO 2 ceramics. As shown in Figure 4B , the ZrO 2 -ZnO ceramics had a significant killing effect after 8 hrs (Gramnegative antibacterial rate was 91.7±1.1%, Gram-positive antibacterial rate was 99.8±0.25%). The above results indicated that the ZrO 2 -ZnO ceramics had a fast and broad-spectrum bactericidal property. We then carried out in vivo experiments to verify the antibacterial properties of this material. The preparation of pure ZrO 2 ceramics and ZrO 2 -ZnO ceramics was sterilized before implanted. Afterward, S. aureus were injected into the implant area after the surgery. Two weeks later, we removed these implants as well as the tissue surrounding the implants. It could be seen from Figure 4C and D that the antibacterial rate of the ZrO 2 -ZnO ceramics was significantly better than that of the pure ZrO 2 ceramics group.
Although ZrO 2 ceramics modified by zinc oxide nanomaterials had excellent antibacterial properties, its biocompatibility was also very important. Therefore, we then carried out cytotoxicity tests by using the osteoblasts. Figure 4E -G shows the viability of cells cultured at different concentrations of extract after 1, 3 and 7 days. It could be seen that the cytotoxicity did not increase proportionally with the increase of concentration, all of the viability were still above 80%. The ZrO 2 -ZnO ceramics had slight cytotoxicity, but the cell survival rate was still above 80%. This suggested that our materials were safe and could be applied as a type of potential biomaterial in the future.
Animal experiments
The removed implants and the tissue surrounding the implant were then subjected to HE staining. As shown in Figure 5A for ZrO 2 -ZnO ceramics, inflammation was slight (as compared with the negative control group), while for pure ZrO 2 ceramics, the inflammatory response was remarkably serious. Figure 5E and F shows the positive lateral radiographs of the ceramic hip prosthesis implanted in vivo. It could be seen that the implant was in a good position without dislocation. This result implied that the proposed method can indeed achieve accurate 3D printing preparation of ceramic joints. In addition, the femurs and surrounding muscles around the implant were then sectioned and HE stained. Results from Figure 5G and H showed that muscle tissue sections further showed no significant tissue abnormalities, and the growth of new bone tissue was seen in the sections of bone tissue ( Figure 5I and J) . All the results showed that the ZrO 2 -ZnO ceramics had good biocompatibility when contacting bone tissue and surrounding muscle tissue.
Conclusions
In theory, the ceramic 3D printing technology combined with antibacterial nanomodification can quickly customize the ideal implant material with precise structure, wearresistant and effective antibacterial properties. However, in the process of actual operation, the ceramic joint shrinkage and fracture occur during the preparation of ceramic joint precursor material. In order to overcome these two disadvantages, we optimized the reaction conditions and introduced a selective area inversing compensation strategy. Moreover, in this experiment, we added ZnO nanomaterials to the ceramic surface, which could effectively kill pathogenic bacteria. The current work can provide some theoretical bases and technical support for future customized 3D printing ceramic joints. It should be noted that brittleness is another key issue that limits the wide application of ceramics. 25 Further research on the brittleness of ceramics is also needed before further clinical applications.
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